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PRELIMINARY AMENDMENT 

BOXPCT 

Commissioner for Patents 
Washington, D.C. 20231 

Dear Sir: 

In connection with the above-identified application filed herewith, please enter the foUowiag 
prelinoinary amendment: 

IN THE SPECIFICATION 
Please amend the specification as foUows: 

At page 2, line 3, insert - Consider, for example, the publication by Barenco, et aL, entitled 
"Conditional Quantum Dynamics In Logic Gates," Physical Review Letters, 15 May 1995, USA, vol. 
74, no. 20, pages 4083-4086. This publication notes that quantum logic gates provide fundamental 
examples of conditional quantum dynamics, and could form the building blocks of general quantum 
information processing systems, which have recentiy been shown to have many interesting non- 
classical properties. This publication describes a simple quantum logic gate, the quantum controlled- 
NOT (CNOT), and analyzes some of its applications. The publication also discusses two possible 
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physical teali2ations of the gates, one based on Ramsey atomic interferometry, and the other on the 
selective driviag of optical resonances of two subsystems undergoiag a dipole-dipole interaction.— 

IN THE CLAIMS 

Please cancel claims 1-35 in the WIPO appKcation and insert new claims 1-17 as follows: 

1. A method for effecting gate operations using one or more semiconductor quantum 
bits (102, 104), wherein the semiconductor quantum bits (102, 104) are contained in a cavity (126), 
an electromagnetic field is applied to excite the semiconductor quantum bits (102, 104) to one or 
more energy levels (200, 202, 204, 206), and the semiconductor quantum bits (102, 104) so excited 
contain information used to implement the gate operations, the improvement comprising: 

coherently coupling the semiconductor quantum bits (102, 104) using a mode in the cavity 
(126) that has a resonant frequency substantially coincident with a transition between the energy 
levels (200, 202, 204, 206) of the semiconductor quantum bits (102, 104). 

2. The method of claim 1, wherein the semiconductor quantum bits (102, 104) are 
arranged in an array. 

3. The method of claim 1, wherein each of the semiconductor quantum bits (102, 104) 
is a quantum dot doped with a single electron. 

4. The method of claim 3, wherein the information is represented by the states of an 
electron trapped in the quantum dot (102, 104). 

5. The method of claim 4, wherein the information is contained in a spin-state of the 
electron. 

6. The method of claim 5, further comprising the step of reading the information by 
determining the spin-state of the trapped electron. 
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7. The method of claim 5, wherein the spin-state is determined by detectkig selective 
fluorescent emissions from the trapped electron. 

8. The method of claim 1, wherein the cavity (126) for electromagnetic radiation is a 
whispering-gallery-mode resonator. 

9. The method of claim 1, wherein the cavity (126) for electromagnetic radiation is a 
defect in a photonic band-gap structure. 

10. The method of claim 1, wherein the cavity (126) for electromagnetic radiation is a 
superconductor structure. 

1 1 . The method of claim 1, wherein the electromagnetic field includes a component 
generated by one or more laser beams (430-436). 

12. The method of claim 1, wherein the electromagnetic field includes a component 
generated by an externally applied magnetic field, 

13. The method of claim 1, wherein the gate operations result in a conditional NOT 
operation. 

14. The method of claim 1, wherein the semiconductor quantum bits (102, 104) are 
vertically coupled quantum dots, 

15. The method of claim 1, wherein the semiconductor quantum bits (102, 104) are 
horizontally coupled quantum dots. 

16. A method of storing information in quantum states of electrons in (200, 202, 204, 
206) electron-doped quantum dots (102, 104), wherein the quantum dots (102, 104) are located in a 

• A 

cavity (126), the cavity (126) has a fundamental resonance with a wavelength ^ longer than the 
length of the quantum dots (102, 104), continuous-wave laser beams (430-436) with a fixed 

X 

wavelength different from ^ are introduced through one side of the cavity (126), and voltages are 
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applied to one or more gates (120, 122) to control the energy levels (200, 202, 204, 206) of the 
electrons in the quantum dots (102, 104), the improvement comprising: 

manipulating the state of the electrons in the quantum dots by tuning the energy levels (200, 
202, 204, 206) of the electrons into and out of resonance with the frequencies of the cavity (126) and 
the laser beams (430-436), 

17. A method of storing information in quantum states of electrons in electron-doped 
quantum dots (102, 104), wherein multiple quantum dots are located in a microcavity (126), and a 
pair of gates (122, 124) controls energy levels (200, 202, 204, 206) in each quantum dot (102, 104), 
the improvement comprising: 

effecting a controlled NOT (CNOT) operation involving any pair of quantum dots (102, 
104) by a sequence of voltage pulses across the gates (122, 124) which tune the energy levels (200, 
202, 204, 206) of the quantum dots (102, 104) into resonance with frequencies of the cavity (126) or 
a laser beam (430-436) introduced through one side of die cavity (126). 

REMARKS 

The above prehtninary amendment is made to introduce the claims filed under PCT 
Article 34 in the WIPO application. 

Applicant respectfixlly requests that the preliminary amendment described herein be entered 
in to the record prior to calculation of the filing fee and prior to examination and consideration of 
the above-identified application. 
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If a telephone conference would be helpful in resolving any issues concerning this 

cotnmunication, please contact Applicant's undersigned attorney. 

Respectfully submitted, 

Mark S. Sherwin et al. 

By their attorneys, 

GATES 8c COOPER LLP 

6701 Center Drive West, Suite 1050 
Los Angeles, California 90045 
(310) 641-8797 



Date: June IL 2001 By:. 



Name: G^rge 
Reg. No.: 33,500 

GHG/dt 
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OUANTUM COMPUTATION WTIH QUANTUM DOTS 
AND TERAHERTZ CAVITY QUANTUM ELECTRODYNAMICS 



STATEMENT REGARDING FEDERALLY SPONSORED 
RESEARCH AND DEVELOPMENT 
This invention was made with Government support vinder Grant No. ARO 
DAAG55-98-1-0366, awarded by the Army. The Government has certain rights in this 
5 invention. 

CROSS REFERENCE TO RELATED APPLICATIONS 
This application is related to Provisional Patent Application Serial No. 
60/112,439, filed December 16, 1998, entitled "QUANTUM COMPUTATION WTIH 
QUANTUM DOTS AND TERAHERTZ CAVITY QUANTUM 

10 ELECTRODYNAMICS," by Mark S. Sherwin at al., and also related to Provisional 
Patent Application Serial No. 60/123,220, filed March 8, 1999, enrided "QUANTUM 
COMPUTATION WITH QUANTUM DOTS AND TERAHERTZ CAVITY 
QUANTUM ELECTRODYNAMICS," by Mark S. Sherwin et al, which applications are 
incorporated by reference herein. This application also claims priority under 35 U.S.C. § 

15 119(e) to both Provisional Patent Application Serial No. 60/112,439, filed December 16, 
1998, entided "QUANTUM COMPUTATION WITH QUANTUM DOTS AND 
TERAHERTZ CAVITY QUANTUM ELECTRODYNAMICS," by Mark S. Sherwin et 
al. and Provisional Patent Application Serial No. 60/123,220, filed March 8, 1999, 
entided "QUANTUM COMPUTATION WITH QUANTUM DOTS AND 

20 TERAHERTZ CAVITY QUANTUM ELECTRODYNAMICS," by Mark S. Sherwin et 
al. 

BACKGROUND OF THE INVENTION 
1. Field of the Invention. 

This invention relates in general to quantum computarion, and in particular to 
25 quantum computation with quantum dots and terahertz cavity quantum electrocfynamics. 



2. Description of Related Art. 

A quantum computer processes quantum information which is stored in 
"qxiantum bits," also called qubits. If a small set of fundamental operations, or universal 
30 quantum logic gates, can be performed on the qubits, then a quantum computer can be 
programmed to solve an arbitrary problem. Quanmm computation has been shown to 
efficiently factorize large integers, and the quantum information can be stored 
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indefinitely, which provides the interest ia quantum computatioii and machines that can 
perform quantum computation. 

Consider, for example, the publication by Barenco, et al., entitled "Conditional 
Quantum Dynanucs In Logic Gates/' Physical Review Letters, 15 May 1995, USA, vol. 
5 74, no, 20, pages 4083-4086. This publication notes tibiat quantum logic gates provide 
fundamental examples of conditional quantum dynamics, and could form the building 
blocks of general quantum iaformation processing systems, which have recently been 
shown to have many interesting non-classical properties. This publication describes a 
simple quantum logic gate, the quantum conttolled-NOT (CNOT), and analyzes some of 

10 its applications. The publication also discusses two possible physical realizations of the 
gates, one based on Ramsey atomic interferometry, and the otiaer on the sdective driving 
of optical resonances of two subsystems undergoing a dipole-dipole interaction. 

However, the implementation of a large-scale quantum computer has remained a 
technological challenge. The qubits must be well isolated firom the influence of the 

15 environment, but must remain manipulatable in individual units to initialize the 
computer, perform qxaantum logic operations, and measure the result of the 
computation. 

Implementations of such a quantum computer have been proposed using atomic 
beams, trapped atoms and/ or ions, bulk nuclear magnetic resonance, nanostructured 
20 semiconductors, and Josephson jimctions. However, each scheme proposed has 
limitations that make large-scale implementation difficult and very limiting in 
performance. 

For example, proposals using trapped atoms or ions, qubits couple witii collective 
excitations or cavity photons. This coupling enables two-bit ^tes involving an arbitrary 
25 pair of qubits which makes programming straightforward. However, these schemes 
require serial gating schemes, whereas error correction schemes require parallelism, 
thereby limiting the usefulness of dala gathered using an atomic or ion trapping machine. 

In the semiconductor and superconductor schemes, only nearest-neighbor qubits 
can be coupled, and significant overhead is required to couple distant qubits. However, 
30 diese machines can perform some gate operations in parallel, which allows for some 
error correction. 

It can be seen, tiaen, that there is a need in tiie art for a quantum computer. It 
can also be seen, then, that there is a need in the art for a quantum computer that can 
perform parallel gate operations. It can also be seexi, then, tiiat there is a need in the art 
35 for a quantum computer that can perform parallel gate operations witiiout significant 
qubit overhead. 
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SUMMARY OF THE INVENTION 
To overcome the limitations in the prior art described above, and to overcome 
other limitations tihat will become apparent upon reading and understanding the present 
specification, the present invention discloses an apparatus and method for quantum 
5 computing. The apparatus comprises a control bit structure, a target bit stmcture, and 
gate electrodes, coupled to the control bit structure and the target bit structure, for 
applying a voltage across the control bit structure and the target bit structure, wherein die 
control bit stmcture and the target bit stmcture obtain quantum levels of excitation fcom 
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the applied voltages based on an initial excitation level of the control bit structure and an 
initial excitation level of the target bit structure. 

The method of the present invention comprises applying a first voltage across a 
control bit structure, applying a second voltage across a target bit structure, and obtaining 
quantum levels of excitation within the control bit structure and the target bit structure 
based on the applied first and second voltages, an initial excitation level of the control bit 
structure and an initial excitation level of the target bit structure. 

An object of the present invention is to provide a quantum computer. Another 
object of the present invention is to provide a quantum computer that can perform 
parallel gate operations. A further object of the present invention is to provide a 
quantum computer that can perform parallel gate operations without significant qubit 
overhead. 

These and various other advantages and features of novelty which characterize 
the invention are pointed out with particularity in the claims annexed hereto and form a 
part hereof. However, for a better understanding of the invention, its advantages, and 
the objects obtained by its use, reference should be made to the drawings which form a 
further part hereof, and to the accompanying detailed description, in which there are 
illustrated and described specific examples of a method and apparatus in accordance with 
the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Referring now to the drawings in which like reference numbers represent 
corresponding parts throughout: 

FIG, 1 illustrates the computer of the present invention; 
FIG. 2 illustrates the potential and four lowest electronic energy levels for a 
particular realization of a quantum dot within the computer of the present invention; 

FIG. 3A illustrates the energy levels of the transitions in a quantum dot computer 
of the present invention; 

FIG. 3B illustrates a sequence of voltage pulses that effect a two-qubit gate that is 
equivalent to a CNOT operation in a quantum dot computer of the present invention; 

FIG. 4 illustrates a schematic diagram of a quantum computer of the present 
invention using quantum dot spins coupled to a cavity which is near resonance with an 
intraband transition in the quantum dots; 

FIG. 5 illustrates the energy level structure, couplings, and detunings within a 
35 quantum bit of the computer of FIG. 4; 
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FIG- 6 illustrates an illustration of a readout of a quantum bit in the spin-state 
computer of the present invention; and 

FIG. 7 is a flow chart illustrating the steps used to practice the present invention. 

5 DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT 

In the following description of the preferred embodiment, reference is made to 
the accompanying drawings which form a part hereof, and in which is shown byway of 
illustration a specific embodiment in which the invention may be practiced. It is to be 
understood that other embodiments may be utilized and structural changes may be made 

10 without departing from the scope of the present invention. 

Overview 

A quantum computer of the present invention stores information in the two 
lowest quantum electronic states of doped quantum dots. Multiple quantum dots are 

15 located in a microcavity, and a pair of gates controls the energy levels in each quantum 
dot- A controlled NOT (CNOT) operations involving any pair of quantum dots can be 
effected by a sequence of gate voltage pulses which tune the quantum dot energy levels 
into resonance with frequencies of the cavity or a laser. The duration of a CNOT 
operation is estimated to be much shorter than the time for an electron to decohere by 

20 emitting an acoustic phonon. 

Quantum Bits And Fundamental Quantum Logic Operations 

FIG. 1 illustrates the computer of the present invention* The computer 
25 comprises two or more structures 100 embedded in a microcavity 126, Each stmcture 
100 is comprised of a control nanostructure 102 and a target nanostructure 104. The 
control nanostructure 102 controls the control bit 102 of the computer, and the target 
nanostmcture 104 controls the target bit 104 of the computer. Although described 
separately, control nanostructure 102 and target nanostructure 104 are substantially 
30 similar and interchangable within the computer. 

Each nanostructure 102 and 104 comprises outer seraiconduaor layers 106 and 
108 and disks 110-114. Although three disks 110-114 are shown, a larger or smaller 
number of disks 1 10-114 can be used without departing from the scope of the present 
invention. The disks 110-1 14 are typically smaller in bandgap than the outer 
35 semiconductor layers 106-108, e.g., if the disks 110-1 14 are GaAs, then the outer 
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semiconductor layers are of a larger band gap material than GaAs, e.g., AlGaAs, The 
central disk 1 12 is typically larger or taller than the outer disks 110 and 114. The barrier 
116 between disks 110 and 112 and the barrier 118 between disks 112 and 114 are 
sufficiently thin to allow an electron to rapidly tunnel through the barriers 116 and 118. 
A structure consisting of a set of three disks 1 10-1 14 and the two intervening barriers 
116-118 is hereafter called a quantum dot (QD), referred to herein as control bit 102 and 
target bit 104. Each QD 102 and 104 that participates in the quantum computation must 
have one and only one electron within the QD 102 or 104. 

Below and above each QD 102 and 104 is an electrical gate 120 and 122, shown 
in QDs 102 and 104. These gates are used to apply electrical voltages substanrially 
simultaneously to QD 102 and 104 across the length 124 of a QD 102 or 104. The QDs 
102 and 104 are located in a three-dimensional cavity 126. The cavity 126 can contain 
many QDs 102 and 104. 

FIG, 2 illustrates the potential and four lowest electronic energy levels for a 
particular realization of a QD within the computer of the present invention. The lowest 
two energy levels 200 and 202, also referred to as energy levels 1 0> and 1 1>, form the 
qubits which store quantum information. The third energy level 204, also referred to as 
energy level 1 2>j serves as an auxiliary state to perform conditional rotations of the state 
vector of the qubit. Voltages applied to the gates 120 and 122 are used to control the 
spacing between and absolute values of the energy levels of the QDs 102 and 104 via the 
Stark effect. As shown in FIG. 2, the energy levels 200, 202, 204 and 206 are aU below 
the barrier heights of barriers 116 and 118, and are allowed energy states in each of the 
disks 110-114. A large number of individually-gated QDs 102 and 104 are contained in a 
3-D microcavity 126 whose fundamental resonance has a wavelength Xq much longer 
than the length of a QD 124. A continuous- wave laser with a fixed wavelength different 
than is introduced through one side of the cavity 126. 

FIG. 3A illustrates the energy levels of the transitions in a quantum dot computer 
of the present invention, and FIG. 3B illustrates a sequence of voltage pulses that effect a 
two-qublt gate that is equivalent to a CNOT operation in a quantum dot computer of the 
present invention. 

With reference to FIG. 3A, energies 300 and E^o 302 show the state 0 to state 
1 and state 0 to state 2 energy levels, respectively. The energies of a cavity 126 mode 
photon hooc, 304, a laser photon 306, and the sum of hcoc + hcoL 308, are also shown. 
The state of an electron in a QD 102 or 104 can be coherently manipulated by tuning Ejo 
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300 and E20 302 into and out of resonance with ho}Q 304^ 306, and the sum of tiw^ + 
308. 

A general Hamiitonian describing a QD 102 or 104 interacting with cavity* 126 
photons and the laser field is given by 

5 

H ~ hcoca^+ac + Eio(e)^ii +£20(^)^^22 

+ hgoi(e) {ac+ a^i^ ct^q a^ } H- hiQi^oiC^) {c^oi exp(iwit) + a^o exp(io>it) } 

+ hgi,(e) {ac+ ai2+ ac } + ^i^u2(e) { aca^2 exp(icojt) +021 ac e^(ia>]t) } 

where a^ denotes the cavity 126 mode annihilation operator, and 

10 Qjj = 1 i X j I is the projection operator from QD state | j> to state { i > . 

The vacuum Rabi frequencies are gjj ~ q^ijeyAc? 
where 




is the amplitude of the vacuum electric field in the cavity 126, 

15 the dielectric constant of the cavity 126, 

V = the volume of the cavity 126, 
q = the electronic charge, and 
Zij is the dipole matrix of the | i > to | j> transition. 

One step in the CNOT operation is a Rabi oscillation between states 1 0> and 
20 1 2> involving both cavity 126 and laser photons at e = e^^c- 

Operation Of The Quantum Computer 

During the operation of the quantum computer of the present invention, a qubit 
that stores quantum information is in state [ 0> or state 1 1>, and the electric field across 

25 the qubit is held at a value where the energy levels of the qubit are not resonant with hco^, 
lia>L, or ho)<3 + lico^. The value of this electric field is typically zero, but can be other 
values. The typical value of the electric field is called the fiducial value of the electric 
field. For e ^ e^, and either the cavity 126 contains one photon or the qubit state veaor 
is in state 1 1>, then the qubit will execute vacuum Rabi oscillations with frequency goj, in 

30 which the probability of finding one photon in the excited state oscillates ninety degrees 
out of phase with the probability of finding one photon in the cavity 126. For e === e^, the 
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state veaor of the qtibit rotates between states j 0> and ] 1> with laser Rabi frequency 
Qj Qi- For e — e^^o the cavity 126 contains one photon and the qubit state vector 
begins in state 1 0>5 then the qubit rotates between states j 0> and the aiixiliaiy state [ 2> 
with frequency Q (Cl+c). If either the qubit is in state j 1> or the cavity 126 does not 
contain a photon, then the qubit state vector is not rotated for e ^ Cj^^q. 

The Controlled NOT Operation 

A Controlled NOT (CNOT) operation is effected by a series of voltage pulses 
applied across the gates of a pair of qubits. The pulses begin and end with the qubit at 
the fiducial elearic field (e 0), and rise to a target value of e^, e^, or Cl^^- 

With reference to FIG. 3B, the cavity 126 always begins without any photons. 
First, a "ti" pulse 310 with height e^ 312 and duration 7i/2gQ^ 314 is applied to the control 
bit 102, e.g., across contacts 120 and 122 of QD 102. If the control bit 102 is in state 
1 0>, the control bit 102 is unaffected. If the control bit 102 is in state 1 1> , the control 
bit 102 rotates into state 1 0> and acquires a phase i, and the cavity 126 acquires a single 
photon. 

A In pulse 316 with hdght e^^^ and duration n/Q, (ej^+c) ^^O is then applied 
to the target bit 104. If the target bit 104 is in state j 1>, the target bit 104 is unaffected. 
If the target bit 104 is in state j 0>, and the cavity 126 contains one photon, the target bit 
104 acquires a phase of -1. 

A pulse 322 with height Cq, substantially identical to the tz pulse 310, is again 
applied to the control bit 102. If there is a photon in the cavity 126 it is absorbed by the 
control bit 102, returning the control bit 102 to state ] 1> while the control bit 102 
acquires another phase i. The end result is a gate in which the state vector of the two- 
qubit system, e.g., the two qubits being the control bit 102 and the target bit 104, 
acquires a phase -1 if and on^if both control and target bits 102 and 104 are initially 1. 

The sequence of state-vector rotations which is effected by the series of electric 
field pulses is identical to the sequence effected by a series of laser pulses applied to cold 
trapped ions. In order to effect a CNOT operation, i.e., inversion of the target bit 104 if 
and only if the control bit 102 is 1, it is necessary to apply to the target bit 104 "7r/2" and 
"37c/2" pulses with height e^ and durations 7r/(4QeL+c) ^^d 37r/(4QL oi), respectively, 
before and after the sequence shown in FIG. 3B, 

In essence, the electric field pulses applying a first voltage across a control bit 
structure and a second voltage across a target bit structure. The quantum levels of 
excitation within the control bit structure and the target bit structure are obtained based 
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on the applied first and second voltages, an initial excitation level of the control bit 
structure, and an initial excitation level of the target bit structure. As described above, 
the target bit structures and the control bit structure are interchangeable within the 
present invention^ e.g., for a first computation, a first structure can be the control bit 

5 structure and a second structure can be the target bit structure. For a second 

computation, the first structure can be the target bit structure and the second structure 
can be the control bit structure. 

To ensure the fideHty of CNOT operations, the rise and fall times of the pulses 
310, 316, and 322 must be short compared to the period of the Rabi oscillation at the 

10 target bit 104 electron. At the same time, in order to minimize the probabiUty of a 
transition between the 1 0 > and j 1> states induced by the ramping electric field, the 
changes to the Hamiltonian must be adiabatic, e.g., St » h/E^Q, Further, the timing 
between the successive pulses 310, 316, and 322 in the CNOT operation must be 
adjusted to compensate for the quantum-mechanical phases accumulated by inactive 

15 qubits in their excited states. It also may be required to adjust the heights and durations 
of the pulses 310, 316, and 322 to account for alternating current Stark shifts in the 
energy levels of the QDs 102-104 which are induced by the laser field. 

Other Actions Performed on the Quantum Computer 
20 Other actions that are performed or required by a quantum computer include 

initialization of the computer, inputting data, reading out the data stored in the computer, 
correaing errors in the computer, and decoherence of the electronic state of the QD 102 
and 104. 

Initialization of the quantum computer requires that each qubit 102-104 be in a 
25 well-defined state prior to any quantum computation. The present invention performs 
initialization by applying the proper fiducial voltage to the gates 120-122 of the qubits 
102-104, and a proper temperature to each qubit 102-104 for the requisite amount of 
time, until each qubit 102-104 relaxes to a ground state. TypicaUy, a voltage of 0 volts, a 
temperature of T < 120 Kelvin, and a wait of less than one second ensures that all qubits 
30 102-104 are in state j 0> . 

To input initial data, arbitraiy rotations of the state vectors of the qubits 102-104 
are required to load data into the qubit 102-104 registers. Arbitrary one-bit rotations of 
the qubits 102-104 are effected in the present invention by using Rabi oscillations 
induced by the laser field, by applying pulses with height e^^ and duration between 0 and 
35 27i/(Qi^Qi). To read the data back from the qubit 102-104 registers after a quantum 
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computation is completed, the state of each qubit 102-104 is measured. A narrow-band 
detector with high quantum efficient is used to detect single terahertz (THz) photons at 
the frequency of the cavity 126 mode co^. The qubits 102-104 can then be read out 
sequentially by tuning each qubit 102-104 to <x>q. If the qubit 102-104 is in state 1 1>, it 

5 will emit a photon which will be detected by the narrow-band detector. If the qubit 102- 
104 is in state 1 0>, no photon will be emitted. The emissions and non-emissions from 
each qubit 102-104 can then be read by the detector and reported. 

For error correction, the qubits 102-104 must be executed in paralleL To 
perform parallel execution, the cavity 126 is enlarged to create several cavity 126 modes 

10 in the frequency range over which the QD 102-104 energy level spacings are tunable. A 
separate but equivalent approach is to couple nearest-neighbor QDs 102-104, and 
perform an enlarged cavity 126 schema as in the present invention. 

Decoherence 

15 Decoherence of the electronic state of the QD 102-104 as well as decoherence of 

the cavity 126 photons are problematic areas for quantum computers 100, Deductions 
on the energy relaxation times result in times of q/I = ID"' seconds for transitions with 
energies near 50 microelectron volts ((jceV). However, the geometry of the present 
invention is qtiite different, and, as such, results in different relaxation times. The 

20 lifetime of a cavity 126 photon must be sufficiendy long to enable many CNOT 

operations with high fidelity. As such, the cavities must be low-loss, few-mode THz 
cavities. 

Decoherence And CNOT Performance Times 

25 Consider now a specific GaAs/AlGaAs QD and lossless dielectric cavity 126 

designed to minimize the time required for a CNOT operation, while at the same time 
avoiding the emission of longitudinal optical (LO) phonons (hw^o ^ 36 meV in GaAs) 
and also minimizing the rate of acoustic phonon emission. Cavity 126 and laser photon 
energies are chosen to be 11.5 and 15 meV. These energies are sufficiendy large to 

30 enable an adequate vacuum electric field evAc 'w^hile their sum is still comfortably smaller 
than htA>Lo. Assuming perfect cylindrical symmetxy of the disks 1 10- 114, the states 200- 
206 are labeled with quantum numbers j l,m,n >, associated with the radial, asimuthal and 
axial degrees of freedom, respectively. 

The potential along the cylindrical axis of the QD (z-direction) 102 and the 

35 numerically-computed four lowest energy levels 200-206 are depicted in FIG. 2. FIG. 
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3A shows the transitions and vs. electric field e. Assumii^ infinite walls in the 
radial direction, the radial wavefunctions are given by Bessel functions. The difference 
between the energs^ of the ground state 200 and first radial excited state 202 is AEr = 
30meV for radius of the disks 1 10-114 of a= 13 nm, assuming m''' = mc/15. This is 
5 higher dian the highest energy reached by an electron during a CNOT operation (26.5 
mEv = + h(ti^, eliminating dccoherence arising from coupling between axial and 
radial excited states of the QD 102-104. 

The time required to execute a CNOT operarion for the QD structure of FIG. 1 
is estimated at 150 microseconds. Unconditional 1-bit rotations which occur at e = Cl 
10 take only a few picoseconds for a laser elearic field of 30 kV/m. Although the laser 

might need attenuation for such rotations to have a transition time for the eiertrical pulse 
shorter than the period of the Rabi oscillation at the target electric field, the decoherence 
tunes and transition times allow the computer to perform several thousand CNOT 
operations before decoherence occurs. 

15 

Additional Embodiment Of The Quantum Computer 

The present invention can also be embodied as a quantum dot doped with a 
single electron. The spin-states of this conduction-band dearon can serve as a qubit with 
long coherence times. 

20 FIG. 4 illustrates a schematic diagram of a quantum computer of the present 

invention xising quantum dot spins coupled to a cavity which is near resonance with an 
intraband transition in the quantum dots. 

Disk 400 is a whispering galieiy mode resonator for terahertz radiation, typically 
fabricated from an undoped semiconductor material, such as silicon or gallium arsenide. 

25 Quantum dots 402-426 are embedded in disk 400. Each quantum dot 402-426 contains 
a single electron. Each quantum dot 400-426 has an intraband transition which is dose 
to the resonant frequency of the same single mode of the whispering gallerj^ mode 
resonator disk 400. For an alternative implementation, a magnetic field 428 can be used. 
Laser beams 430-436 are focused on quantum dots 402-426, such that a set of laser 

30 beams 430-432 are focused on each quantum dot 402-426. For ease of fflustration, only 
laser beams 430-436 are shown, but each quantum dot 402-426 has a set of laser beams, 
e.g., L/, L^'', L„", ... for quantum dot "n" 402-426. Each laser beam 430-436 has a 
frequency and intensity which can be adjusted independently of the other laser beams 
430-436. The laser beams 430-436 are used to effect one- and two-bit quantum logic 

35 gates from die quantum dots 402-426. Alternatively, the cavity of disk 400 can be 
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embodied as a defect in a photonic bandgap structure instead of a whispering gallery 
mode resonator, or in a superconductor. The cavity stmcture shown in FIG. 4 illustrates 
a spin-terahertz cavity quantum electron dot structure 438, Although shown in a 
substantially horizontal orientation, quantum dots 402-426 can be coupled in any 
5 direction, e.g., horizontal, vertical, or any combination of horizontal and vertical 

orientations. Each quantum dot 402-426 can also have internal structures similar to that 
described in FIG. 1, thereby making each quantum dot 402-426 a quantum bit in a 
quantum computer. 

This structure 438 allows for a spin-spHtting of the groxmd-state quantum dot 
10 402-426 conduction band electron, using either a non-zero magnetic field 428 across disk 
400, or a pseudo-magnetic field generated using an off-resonant circularly polarized laser 
beam 430-436. When using laser beams 430-436, large effective magnetic fields are used 
to introduce large effective magnetic fields yielding a spin-splitting that can be as large as 
5meV. 

15 Fxnther, one bit rotations of a single quantum dot 402-426 electron spin can 

simply be achieved by spin-flip near-resonant Raman transitions via intermediate 
valence-band states. The large spin-orbit coupling in the valence band enables coherent 
flipping of the electron spin in short time scales using two laser beams, e.g., 430-432 for 
quantum dot 402, with ordiogonal linear polarizations that can realize 7i/r pulses, where r 

20 is any real number. If the spin splitting is generated by the ac-stark effect of laser beams 
430-436 rather than a magnetic field 428, then the spin-flipping can be accomplished 1^ 
irradiating the entire sample with an oscillating magnetic field, and using the ac stark 
effect to tune the spin-splitting of selected quantum dots into resonance with the 
oscillating magnetic field for a duration long enough to effect %lt pulses. 

25 Structure 438 allows for a cavity mode that has an energy that corresponds to an 

intra-band enei^ spacing. The advantage of stmcture 438 and structure 100 over other 
embodiments using this terahertz cavity-quantum electron dot regime is that the 
wavelengdi of the cavity mode, which in turn determines the length scale of the quantum 
dot 402-426 array, could exceed 100 microns, which allows for a large number of 

30 quantum dots 402-426 to be coupled through the same cavit)^ mode. 

FIG. 5 illustrates the energy level structure, couplings, and detunings within a 
quantum bit of the computer of FIG. 4, 

To effect non-trivial two-qubit interactions, stmcture 438 uses selective 
mtroduction of a transverse spin-spin coupling between two distant quantum dots. 

35 However, stmcture 438 allows for a coherent drive that couples the ground state 500 and 
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excited state 502 with opposite spin in a single quantum dot 402-426. Further, the cavity 
mode couples ground state 500 and excited state 502 with the same spin. The coherent 
drive at a panicular quantum dot n 402 and the cavity mode are detuned by an energy 
504, shown as 8^^". Together, the coherent drive and the cavity coupling provide a 

5 Raman coupling between spin up and spin down in the quantum dot 502, separated by 
an energy 506 S^pi^". The detuning of the Raman transition in a particular dot from the 
spin-flip transition is A"== 6^.,''- S ^p,^". Distant quantum dots with the same detuning A 
experience an effective 2 qubit interaction which leads to controlled entanglement in 
general and CNOT operations in particular. CNOT operations between pairs of 

10 quantum dots 402 and 404 with different shared detunings can thus proceed in parallel 
with the present invention. For example, if quantum dots 402 and 404 share detuning 
A3, and quantum dots 406 and 408 share a detuning A^ not equal to A^, the CNOT 
operations involving quantum dots 402 and 404 can proceed in parallel with the CNOT 
operations involving dots 406 and 408. 

15 The coherent drive can be implemented in a variety of ways. For example, two 

of the laser beans 430 and 432, with frequencies differing by co^oberem dnve? shown as 
difference 508 in FIG* 5, can be applied to each individual quantum dot 402-426. In this 
case, the coherent coupling is enhanced if the shape of the quantum dot 402-406 is 
asymmetric. An alternative embodiment of implementing coherent coupling is via a 

20 coherent terahertz field and a magnetic field 428 that is perpendicular to the effective 
magnetic field induced by a circularly polarized laser beam 430. 

The method described with respect to the present invention is useful in 
implementing a two-qubit operation, like a CNOT operation, between distant spins 
embedded in a cavity which is resonant with an intraband transition. 

25 One method is to set the real magnetic field 428 B=0. Two laser beams 430 and 

432 are used, e.g., L^^ and L^^ and are incident on quantum dot 402, while a second pair 
of laser beams 434 and 436 are incident on quantum dot 404. One of these laser fields, 
e.g., L^^ is circularly polarized, and determines the spin splitting of the ground state of 
quantum dot 402, via the ac Stark effect. The second laser field focused on quantum dot 

30 402, Lj, is detuned from the frequency of L^^ by co^^herem drive > providing an effective 
coherent drive. When the two-photon detunings A are chosen, th^ are determined by 
the energy difference between spin splitting and the energy difference of the cavity mode 
and the coherent drive and are identical for the control and target qubits. Transverse 
spin-spin coupling can thus be established. Such coupling can implement a CNOT gate. 

35 One advantage of this particular implementation is that the energies of the spin states in 
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a quantum dot 402-426 are different only while the lasers 430-436 are turned on. While 
the lasers 432-436 are off, no quantum-mechanical phase difference between ground 
state 500 and excited state 502 will accumulate. 

Another method to implement the two-qubit operation is to set an external 
magnetic field 428 B - where field 428 is substantially perpendicular to the effective 
magnetic field induced by the circularly polarized laser beam 430. For example, in disk- 
shaped quantum dots 402-426 with strong confinement in the z-direction, a circularly 
polarized laser field 430 is appHed that generates an effective magnetic field in the z- 
direcdon. A coherent terahertz field is appHed that is polarized parallel to the cavity 
mode. In such a configuration, parallel linearly polarized coherent terahertz and cavity 
modes with energy difference near the groxmd-state spin-splitting can be used to achieve 
the necessary coupling between the two spin states. 

FIG. 6 illustrates an iliustranon of a readout of a quantum bit in the spin-state 
computer of the present invention. The states of the quantum bits 402 and 404 can be 
read by using resonant fluorescence of the quantum bits 402 and 404. A magnetic field 
428 is applied to disk 400, which splits the spin states of the electron and the hole in each 
quantum dot 402-426. A circularly polarized laser beam 430 is tuned to a transition 
between the valence band and one of the spin states 600-606 in the quantum dot 402- 
426. If the spin state is empty, e.g., states 600 and 602 in quantum dot 404, the laser 430 
field alternatively populates and stimulates emission from the empty state 602, which 
results in a resonance fluorescence signal. The resonance fluorescence signal lasts for as 
long as the state 602 remain empty. If the state 602 is occupied by an electron, e.g., as 
shown in quantum dot 402, the absorption of the laser 420 field is Pauli blocked, and no 
light is emitted from the quantum dot 402. The emission/lack of emission provides a 
readout of the state of quantum dots 402-426. 

Process Chart 

FIG. 7 is a flow chart illustrating the steps used to make the quantum dots of the 
present invention. 

Block 700 illustrates performing the step of growing a first quantum dot layer on 
an edge layer. 

Block 702 illustrates performing the step of growing a first barrier layer on the 
first quantum dot layer. 

Block 704 illustrates performing the step of growing a second quantum dot layer 
on the first barrier layer. 
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Block 706 illustrates performing the step of growing a second barrier layer on the 
second quantum dot layer. 

Block 708 Illustrates performing the step of growing a third quantum dot layer on 
the second barrier layer. 
5 Block 710 illustrates performing the step of growing a second edge layer on the 

third quantum dot layer wherein the edge layer, first quantum dot layer, first barrier layer, 
second quantum dot layer, second barrier layer, third quantum dot layer, and second edge 
layer comprise at least one bit in the quantum computer. 

To grow the quantum dots of the present invention as shown in FIG. 1, stacked 
10 self-assembled quantum dots can be used. Another method is to make QDs made by 
growing GaAs/ AlGaAs quantum wells with the conduction band profile tailored to give 
the desired potential In the z-direction, depositing small islands on top of the quantum 
well to serve as an etch mask, etching through the quantum well layers which are not 
protected by the islands, and then regrowing AlGaAs. The growth methods used to 
15 grow the QDs 102 and 104 comprise those used in the art, such as Metal Organic 
Chemical Vapor Deposition QAOCVD)^ Metal Organic Molecular Beam Epita^^ 
(MOMBE), wet or dry etching of the materials, or other growth methods. 

Conclusion 

20 In summary, the present invention discloses an apparatus and method for 

quantum computing. The apparatus comprises a control bit structure, a target bit 
structure, and gate electrodes, coupled to the control bit structure and the target bit 
structure, for applying a voltage across the control bit structure and the target bit 
structure, wherein the control bit stmcture and the target bit structure obtain quantum 

25 levels of excitation from the applied voltages based on an initial excitation level of the 
control bit structure and an initial excitation level of the target bit structure. 

The method of the present invention comprises applying a first voltage across a 
control bit structure, applying a second voltage across a target bit structure, and obtaining 
quantum levels of excitation within the control bit structure and the target bit structure 

30 based on the applied first and second voltages, an initial excitation level of the control bit 
structure and an initial excitation level of the target bit stmcture. 

The foregoing description of the preferred embodiment of the invention has 
been presented for the purposes of illustration and description. It is not intended to be 
exhaustive or to limit the invention to the precise form disclosed. Many modifications 
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and variations are possible in light of the above teaching. It is intended that the scope of 
the invention be limited not by this detafled description, but rather by the claims 
appended hereto. 
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WHAT IS CLAIMED IS: 

1. A metkod for effecting gate operations using one or more semiconductor 
quantum bits (102, 104), wherein the semiconductor quantum bits (102, 104) are 
contained in a cavity (126), an electromagnetic field is applied to excite die 

5 semiconductor quantum bits (102, 104) to one or more energy levels (200, 202, 204, 206), 
and the semiconductor qioantum bits (102, 104) so excited contain information used to 
implement the gate operations, the improvement comprising: 

coherentiy coupling the semiconductor quantum bits (102, 104) using a mode in 
the cavity (126) that has a resonant ftequency substantially coincident with a transition 
10 between the energy levels (200, 202, 204, 206) of the semiconductor quantum bits (102, 
104). 

2. The method of claim 1, wherein the semiconductor quantum bits (102, 
104) are arranged in an array. 

15 

3. The method of claim 1 , wherein each of the semiconductor quantum bits 
(102, 104) is a quantum dot doped with a single electron. 

4. The method of claim 3, wherein the information is represented by the 
20 states of an electton trapped in the quantum dot (102, 104), 

5. The method of claim 4, wherein the information is contained in a spin- 
state of the electron. 

25 6. The method of claim 5, further comprising the step of reading the 

information by determining the spin-state of the trapped electron. 

7. The method of claim 5, wherein the spin-state is determined by detecting 
selective fluorescent emissions firom the trapped electton. 



30 



8. The method of claim 1, wherein the cavity (126) for electromagnetic 
radiation is a whispering-gaUery-mode resonator. 
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9. The metitod of claim 1, wherein the cavity (126) for electromagnetic 
radiation is a defect in a photonic band-gap structure. 

5 10. The method of claim 1, wherein tiie cavity (126) for electromagnetic 

radiation is a superconductor structure. 

1 1 . The method of claim 1, wherein the electromagnetic field includes a 
component generated by one or more laser beams (430-436). 

10 

12. The method of claim 1, wherein the electromagnetic field includes a 
component generated by an externally appEed magnetic field. 

13. The method of claim 1 , wherein the gate operations result in a 
conditional NOT operation. 

14. The method of claim 1, wherein the semiconductor quantum bits (102, 
104) are vertically coupled quantum dots. 

20 1 5. The method of claim 1> wherein the semiconductor quantum bits (102, 

104) are horizontally coupled quantum dots. 

16, A method of storing information in quantum states of electrons in (200, 
202, 204, 206) electron-doped quantum dots (102, 104), wherein the quantum dots (102, 

25 104) are located in a cavity (126), the cavity (126) has a fundamental resonance with a 
wavelength longer than the length of the quantum dots (102, 104), continuous-wave 
laser beams (430-436) with a fixed wavelength different from \ are introduced through 
one side of the cavity (126), and voltages are applied to one or more gates (120, 122) to 
control the energy levels (200, 202, 204, 206) of the electrons in the quantum dots (102, 

30 1 04), the improvement comprising: 
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manipuladng tiae state of the ekcttons in the quantum dots by tuning the energy- 
levels (200, 202, 204, 206) of die electrons into and out of resonance with the feequencies 
of the cavity (126) and the laser beams (430-436). 

5 17. A mediod of storing information in quantum states of electrons in 

electron-doped quantum dots (102, 104), wherein multiple quantum dots are located in a 
microcavity (126), and a pair of gates (122, 124) controls energy levels (200, 202, 204, 
206) in each quantum dot (102, 104), the improvement comprising: 

effecting a controEed NOT (CNOT) operation involving any pair of quantum 
10 dots (102, 104) by a sequence of voltage pulses across the gates (122, 124) which tune the 
energy levels (200, 202, 204, 206) of the quantum dots (102, 104) into resonance with 
frequencies of the cavity (126) or a laser beam (430-436) introduced through one side of 
the cavity (126). 
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FIG. 3B 
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GROW A FIRST QUANTUM DOT LAYER 
ON AN EDGE LAYER 



700 



GROW A FIRST BARRIER LAYER ON 
THE FIRST QUANTUM DOT LAYER 



702 



GROW A SECOND QUANTUM DOT LAYER 
ON THE FIRST BARRIER LAYER 



704 



GROW A SECOND BARRIER LAYER ON 
THE SECOND QUANTUM DOT LAYER 



706 



GROW A THIRD QUANTUM DOT LAYER 
ON THE SECOND BARRIER LAYER 



708 



GROW A SECOND EDGE LAYER ON THE THIRD 
QUANTUM DOT LAYER WHEREIN THE EDGE LAYER, 
FIRST QUANTUM DOT LAYER, FIRST BARRIER LAYER, 
SECOND QUANTUM DOT LAYER, SECOND BARRIER 
LAYER, THIRD QUANTUM DOT LAYER, AND SECOND 
EDGE LAYER COMPRISE AT LEAST ONE BIT IN THE 
QUANTUM COMPUTER 
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next to my name; that 

I vcrily believe I am the original, first and sole inventor pf only one name is listed below) or a ;omt invemor (if plural 
mventors are named below) of the subject matter which Is claimed and for which a patent is sought on the invention 
emided- 



QUANTUM C:c»wlPUTA'nON WITH QUANIUM DOTS AND TERAHERTZ CAVITY QUANTUM 

ELECTRODYNAMICS 

The specification q[ which: 

a. □ is attached hereto 

b. was fHed on December 15, 1999 as PCT Inlcrnauonal Application Number PCTAJS99/29864, which T have 
reviewed and for which I solicit a United States patent. 

T hereby state that I have reviewed and understand the contents of the above-identified specification, including the 
claims, as amended by any amendment referred to atxive. 

I acknowledge the duty to disclose information which is material to the patentability of this application in accordance 
With Title 37, Ccxie of Federal Regulations, § 1,56 (attached hereto). 

I hereby aatm foragn priority benefits «nd<:r Tide 35, United States Code, § 1 iy(a)-(d) or 365(b) of any foreign 
apphcation(s) for patent or inventor's cenificate or 365(a) of any PCT miemanonal application which designated at least 
one country other than the United States of America, listed below and have also identified below any foreien application 
for patem or inventor s cemficate or any PCT application having a filing date before that of the application On the basis 
or which pnonty is claimed: 

a. (3 no stich applications have been filed. 

b. □ such applications have been filed as follows: 



FOREIGN AP 


PLICATION(S), IF ANY. CLAIMING PRIORITY UNDER 35 I K i iq 


COUNTRY 


APPLICATION NUMBER 


DATE OF FILING 
(day, month, year) 


DATE OF ISSUE 

(day, moitth, year) 










OinER FOREIGN AI 


*PLICAT10N(S). IF ANY, FILED BEFORE THE PRIC 


>RITY APPLICATIONfSJ 


COUNTRY 


APPUCA HON NUMBER 


DATE OF FILING 
(day» month, year) 


DATE OF ISSUE 
(day, month, year) 











hereby claun the benefit under Tide 3 5. Unucd States Code. § 120 of any United State, appHcai,on(s), or 365(c) of any 
7^ T TT'^'l *PP>i«^">«(^),^-8"=''«'g the Unaed States of America, U«ed helow ^d, .nsofar as the subject matter 
Ot «Lh Of the Claims of this application is not disclosed in the prior United State, or PCT interaatioaal application in the 
manner provided by the first paragraph of Tide United State. Code. § lU, 1 adcnowledge the duty to disclose 
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material mformacion as defined m Title 37, Code of Federal Regulations, S 136(a) which occurred between the filing 
date of ihc prior application and die oationai or PCT inccrrtacional filitig date of this ^plication. 



U.S, PARENT APPLICATION OR 
PCT PARENT NUMBER 


DATE OF HLING (day. 
month, year) 


STATUS (patented, pending, 
abandoned) | 






1 



I hereby daim the benefit under Tide 35, Uruted States Code § 119(e) of any United States pit>v,sionai application(s) 
listed below: 



U.S. PROVISIONAL APPUCATION NUMBER 


DATE OF FIUNG Pay, Month, Year) 


60/112,439 


16 DEC 98 


60/123,220 


C8MAR99 



I hereby appoint the foDowing anomeys to prosecute this application and to transact all busmcss in the Patent and 
Trademark Office connected herewith 



ip 



George H. Gates 
Victor G. Cooper 
Karen S. Canady 
Willi.unJ.Wood 
Jason S- Fcldmar 
BratUcy K. Lortz 



Registration No. 33,500 
Registration Nor39,Ml- 
Registranon No, , 39.927 
Re^stration N o. 42^6 
Registration No. 39.187 
Reg^*:tration No. 45,472 



1 hereby authorize them to aa and rely on instructions from and communicate direcdy with the 
person/ assignee/ attomcy/finry organization who/which first sends/sent this case to them and by whom/which I 
hereby declare that I have consented after full aisdosure to be c^T€:S£^eA unless/until I instruct Gates & Cooper LIP 
to the contrary. 

Please direct aH correspondence in this case to ihe firm of Gates & Cooper LLP at the address indicated below: 

CUSTOMER NUMBER 224i6 3_^ 
Gates & Cooper LLP 
Howard Hughes Center 
6701 Center Drive West, Suite 1050 
LosAngdcs, CA 90X5 
(310) 641^8797 

I hereby declare that all statements made herein of my own knowledge are tnie and thai all statements made on 

^ ^^'"^ ^^^^ ^^^^ Yemenis were made with the knowledge thai 

willful false statements and the like so made are punishable by fme or impnsonment, or both, under Section 1001 of 
1 itie 18 of the Uniied Stales Co^lc and tk;t such willful false sratemems may jeopardize the vaHdity of the application or 
any patent tssaed thereon. 
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(1) 


Full Name 
Of Inventor 


Family Name 

SHERWIN 


First Given Name 
Mark 


Second Given Name 
Stephen 








Residence 
& Citizenship 


City 

Golcta 


State or Foreign Country 
California CM 


Country of Citizenship 

asj^. 


Post Office 
Address 


Post Office Address 
931 W. CAmpxis J^inc 


Ciiy 

Goleta 


State & Zip Code/Country 
California 93117 /USA. 


Signature of Inventor( 1 ): 


Oate; 


(2) 


Full Nanie 
Of Inventor 


Family Name 

IMAMOGLU 


First Given Name 
Atac 


Second Given Name 


Residence 
& Citizenship 


City 


State or Foreign Country 

Cdlfomia /^/-^ 


Country of Citizenship 

USA. 


Post Office 
Address 


Post Office Address 

923 W. Campus Lane 


City 
Goleta 


State & Zip Code/Country 

CalifomfA93117/USA. 


Signature of Invcntor(2): va^'^*^^^^^-----'^ 


Date: , y / 
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NONPROFIT ORGANIZATION 

VERIFIED STATEMENT pECLARATION) CLAIMING SMALL ENTITY STATUS 
(37 C.F.R L9(e) AND 1.27(d)) - NONPROFIT ORGANIZATION 

I hereby declare that I am an official empowered to act on behalf of the nonprofit organization identified below: 

NAME OF ORGANIZATION: The Regents of the University of Cahfornia 

ADDRESS OF 1111 Franklin Street, m Floor 

ORGANIZATION: Oakland, California 94607 

TYPE OF NONPROFIT ORGANIZATION: 

a) 13 UNIVERSITY OR OTHER INSTITUTION OF HIGHER EDUCATION 

b) □ TAX EXEMPT UNDER INTERN.\L REVENUE SERVICE CODE (26 UfS.G 501 (a) and 501(c)(3)) 

c) □ NONPROFIT SCIENTIFIC OR EDUCATIONAL UNDER STATUTE OF STATE OF THE UNITED 

STATES OF AMERICA 

(NAME OF STATE ) 

(CITATION OF STATUTE ) 

d) □ WOULD QUALIFY AS TAX EXEMPT UNDER INTERNAL REVENUE SERVICE CODE (26 U.S.G 

501(a) and 501(c)(3)) IF LOCATED IN THE UNITED STATES OF AMERICA 

e) □ WOULD QUALIFY AS NONPROFIT SCIENTIFIC OR EDUCATIONAL UNDER STATUTE OF 

STATE OF THE UNITED STATES OF AMERICA IF LOCATED IN THE UNITED STATES OF 
AMERICA 

(NAiME OF STATE ) 

(NAME OF STATUTE ) 

I hereby declare that the nonprofit organi2ation identified above quaKfies as a nonprofit organization as defined 
in 37 C.FR. L9(e) for purposes of paying reduced fees under Section 41(a) and (b) of Title 35, United States Code, in 
regard to the invention, entitled: QUANTUM COMPUTATION WITH QUANTUM DOTS AND 
TERAHERTZ CAVITY Q UANTUM ELECTRODYNAMICS by inventor(s) Mark S. Sherwin and Atac 
Imamoglu described in: 

International AppHcation No. PCT/US99/29864, filed in the United States Receiving Office 
on December 15, 1999. 

I hereby declare that rights under contract or law have been conveyed to and remain with the nonprofit 
organization with regard to the above-identified invention. 

If the rights held by the nonprofit organization are not exclusive, each individual, concern or organization having 
rights to the invention listed below* and no rights to the invention are held by any person, other than the inventor, who 
could not qualify as an independent inventor under 37b C.F.R. 1.9(c) or by any concern which would not quaKfy as a 
small business concern under 37 C.F.R. 1.9(d) or a nonprofit organization under 37 C.F.R. 1.9(e). *NQTE; Separate 
verified statements are required from each named person, concern or organization having rights to the invention 
averring to their status as smaU entities. (37 C.F.R. 1.27) 

NAME Vl|^ 

ADDRESS 

□ INDIVIDUAL □ SMALL BUSINESS □ NONPROFIT ORGANIZATION 

NAME 

ADDRESS 

□ INDIVIDUAL □ SMALL BUSINESS □ NONPROFIT ORGANIZATION 

I acknowledge the duty to file, in this application or patent, notification of any change in status resulting in loss of 
entitiement to small entity status prior to paying, or at the time of paying, the earliest of the issue fee or any maintenance 
fee due after the date on which status as small entity is no longer appropriate. (37 C.F.R. 1.28(b)) 
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I hereby declare that all statements made herein of my own knowledge are true and that all statements made on 
information and belief are believed to be true; and further that these statements were made with the knowledge that 
willful false statements and the like so made are punishable by fine or imprisonment, or both under Section 1001 of Tide 
18 of the United States Code, and that such willful false statements may jeopardize the vaHdity of the appHcation, any 
patent issuing thereof, or any patent to which this verified statement is directed. 

NAME: Linda S. Stevenson 

TITLE: Manager, Patent Prosecution 



ADDRESS: 



nil Franklin Street, 5^ Floor 
Oakland, Cahfornia 94607-5200 



DATE: 



SIGNATURE: 
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